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AbStract 
lnlhispapemhceconomicsofpackelII･dInsmerovcrIhelnternc(issludied,Puckettrans化rcosls
a1℃invcstiga[edindeIaiLbdlsedonasimplcmodelreslric【cdtopackeIl『ansfersinmessagecomlllu-
nical【ions､oneoflheimporlanlapplicalionsonthelI】lerncLThep&lckc【switchingschemeexaminｃｄ
islhcStorc-and-lbrwardtypc､KlndIhequeuil1gsysIcmin｢ouIersisa馬Humedtobe(ﾉV/Ｍ/１Ｍ/Ⅳwilha
hniIewaitingcap&lcily､Thenumcrical1℃sullsofpackeIlrfll1sferc〔)Ｈｌｃｘａｍｐ１ｃｓａｒｅｓｈｏｗｎａｎｄｏｐｌｉ‐
mumpacketsizclbrmessagccommunictIli()nsisstudicd，showiI]gthMseveralkilobytcsiH【he
opliInumpacketsize． 
１．Introduction 
Thelnternetisnowusedinmanyal･casofhumansocialactivily・ltsbasictechnological
conccpIs,archilecIureprololypeanddigita1packctswitchingprinciplewcreconceivedof 
byPaulBaran,asshowninIheRANDCorporation，sURLorMemortIndum(Baran,1964） 
(Smilh，1964)．Hepublishcdaseriesofsludiesbe(ｗｅｃｎｌ９６０ａｎｄｌ９６２，whichwerc 
publishedtogetherinl964,ａｓａｐａｒｌｏｆＴｈｅＲａｎｄＣｏｒｐｏｒａｔｉｏｎｓmdyrcports，basedon 
rescarchsponsoredbythcUnitedSlalesAirForce､Accordingly,theconceptswereorigi-I1mIIydcsignedlbrapplicm[iontomili〔arycommunicationsnclworks・Sinccthen，various
prolocolsanddigitalCommunicationsにchnologieshdwebeendevelopedandapplicdinlhe
lntemeLNow・Iheso-calledln(emeLovcrwhichcommunicatcddataislrans化ITedinthe
ilornlofpackets，ｈａｓｂｅｃｏｍｅｖｅｒｙｐｏｐｕｌａＥａｎｄｉｓｏｎｅｐackeIswitchednetworkinlhal 
meanlｎｇ 
ｌｎｔhispapcr、theeconomicsorcoslproblemsoflhelnterne〔orpucketswitched
networksares(udied・ＴＷｏａｐｐｒｏａｃｈｅＨｃａｎｂｅｕｓｅｄ(oconsidertheeconomicsofcommuni-
catiol】Snelworks、Oneisamacroapprouch，involvingtotalcosleslimalionbasedona
hypo[heticalnclworkconstrucIionundcrcertainassLInlptions、includingrcsourceconligu-riltioninlhenetwork・andtraflicexchangeconditionsbetweencovered＆lreas、Thisisa
realiHlicassumplion，ａｎｄａｃｃｏｒｄｉｎｇｌｙｍａｙｂｅｓｕｉＩａｂｌｅｉ;orproccedingdircctlytoncIwork 
construction・Anolherisamicroapproach,whichuHesadelaiIedcosteva1untionmeIhodto
examineresourcevolumculilizedforIl1cpLIrposcofpackettrflnsIbrs､Thisapproachmay conlribuletoob【ainingquanti[ativeinlbrmationsuchasrelativcresourccvolumeandrela-
tivequantityofcostcomponents,Thi5paperadoptHlhelatlerapproach 
PacketlranslbrcostiHexaminedindetailbascdonasimplemodelresIrictedtopackel tr1lns化rsinmessflgecommunications,oncoftheimporlantapplicationsusedonthelnlernet・
Packc[swilchingschemeisaHsumedtobeofaslore-&lnd-Ibrwdlrdtypefbrcostevaluations． 
ＥＣ()nomicgoflnlernc(Packets 
ＩｎＳｅｃｔｉｏｎ２,thecostcomponemsofpackel[rans化rarclisted,theevaIuationmethod
fOrtotalcostofmessagetransferisintroduced,andchangesinthetotalcostareshownas 
packetsizechanges・Ｔｈｅterm“packeIsizc，，meansmaximumuserdatalengthinpackets・
ＩｎＳｅｃｔｉｏｎ３,numericalexamplesareshownbasedontheanalysesinSection２.Atthe 
sametime,optimumpacketsizefOrmcssagecommunicaIionsisdiscussed． 
2．Ｎｅｔｗ⑪rkResourcesandaModeIfOrCostEstimation 
２．１０ne-LinkTransferModeIofPthckets 
Packettrans化rsbelweentwoendhostsonlhelnternetarelransit-switchedrepeatedly
overone-linktransfers,asshowninFigureLTheessenIialresourcesfOrpacketswitching 
onthelnternetconsistofprocessors,bulWermemoryinroutersdistributedoverthenetwork， 
andtransmissionlinesbetweenroutersorbetweenroutersandhosts・TheseTesourcesinthe
one-lmkpackettransfermodelareshowninFigure2・Thepackettransfercostoveronelink
consistsoftheiollowingthreecomponcnts:proccssingcostfOrsendingthepacketfromthe 
sendingrouterandlcceivingitinthereceivingroutel;buffermemorycostinbothrouters， 
andtransmissionlinecosL 
Forcostevaluation,itisnecessarytocalcuIatetheUmeduringwhichresourcesare 
occupiedbythepackeLInthecaseoflhestore-and-fOrwardswitchingscheme,apacketis 
notsenttothenextlinkuntilithasbeencompletelyreceivedbytherouterasawholepacket 
lTame，fromheadertoIrailer・Ifalltheoutputtransmissionlincsareoccupiedbyother
packets,thepacketinqucstionmuslbequeuedinthesendingrouter､Normally,whenlhe 
packettransferoverthelinkbegins,thereceivingroutermustbereadytoplacethepacket 
intobuffermemoryspaceThisprocessisshowninFigure3． 
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2.2Assumptions 
Thefbllowingfactorsareassumed： 
（１）ThepacketlengthlbrmessagecommunicationsisassLImedtobeconstantatP・
Here，ｌｅｔallthemessagelengthsbelixedatノ,ａｎｄａｍｅｓｓａｇｅｉｓａｓｓｕｍｅｄｔｏｂｅ
ｄｉｖｉｄｅｄｉｎｔｏＺ/Ppackels、Forsimplicity,thefmctionefllectcausedbypackelizing（assemblingapluralnumberofpackeｔｓｉｎａｐ1℃scribedIbrmatf1℃mnmeSsage)bulk 
messagesisignored,basedontheassumpIionthatmessagelengthisquitelong． （２）PacketsofmessagecommunicationsoriginateinaPoissonprocesswithparamete「AAIlthepacketssplitfjrommessａｇｅｓａｒｒｉｖｅａｔｔｈｅｓｅｎｄｑｕｃｕｅｉｎａｂｒａnching Poissonprocessifthenumberofpacketsincludedinthemessageobeysageomctric distribution・However,ｔｈｅｐａｃｋｅｔｍ･ivalprocessfOrmessagecommunicationsis
assumedtobePoissonianwithparameterq＝ＡＺ/Ｐ・Thatis,thebmnchingPoisson
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processisapproximatedbyaPoissonprocessunderaconditionwheretheinput-to-
outputlransmissioｎｌｉｎｅｓｐｅｃｄｒａ(ｉｏｉｓｌｃｓｓＩｈｎｎｌ/4．Thisconditionissatished， 
consideringthatthelransmissionl･atebelwccnroutersisgenerallyhigherthanthat 
betweenrouterandmessagecommunicalionterminals・
Ｔｈｅｂｕｆｆｅｒｍｅｍｏｒｙａｒｅａｉｎａｒｏｕｔｅｒｉｓshareｄｂｙｐａｃｋｅｔｓｍｏｖｉｎｇｔｏａｎｄｒｒｏｍａｌｌ 
ｔｒansmissionlinesaccommodaIedin［hcrouter・Bullbrmemoryutilizationγis
assumed(obealixedvaluesucllthaIbulWcrmemoryoverHowprobabilitycanbe 
suppressedtoacertainsmallvnluc 
lnthesendingrouter,thebulYermcmoryisoccupiedbyapacketlTomitsmomen【of
itsarrivalinthesendqueuelothcinstantwhenitstransmissioniscompletedlnthe 
receivingrouter,thebuffermemoryisoccupiedbythepacketduringitstransmis-
siontime・
Thepacketlengthisassumedasequaltothcsumofuserdatalengthtobecarriedby 
packetsplusheaderandtrailerlengthノロル
Thetransmissionrateofall【hclransmissionlinesisVandthe（ransmissionelTor
rateoflhetransmissionlincsisnegligiblysmall・Packetsaretransmittedaccording
toalirst-in-6rst-outrule， 
Fbrsimplicity，processingtimelbrpackc（sendingandreceivingisassumedas 
ｃｏｎｓｔａｎｔ． 
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2.3EstimationofBufferMemoryUtiIizatiom 
Fromassumptions(2)ａｎｄ(4),packetsinthesendingandreceivingroutersarequeued 
inaparallelM/Ｄ/lqueuingsystemwilha6nitesharedwai【ingroomcapacityⅣ,whichis
denotedby(ﾉＷ､/l)S/TV､ReglCttably,suchasystemhasneverbeensolvedtheoretically,and 
accordinglyan(ＭＭ/lyWVqueuingsyslcmisassumedasafairlygoodapproximationfOr 
theestimationofbuffermemoryutilization 
FromtheviewpointofnetworkcusIomers,packellossprobabilityonthelnternetmust 
beassmallaspossible・Buffermemo｢yoverflowisaprimarycauseofpacketloss，and
accordinglybufferoverHowrateshouldbecontrolledbelowacertainlimitBOverflowrate 
in(Ｍ/Ｍ/lyI/llVisasfOllows: 
(Ⅳ＋ｓ－ｌ)！ (縮11’ ｐⅣ Ⅳ！ β＝ ？ 
重旧芳ルp’ /ｖ（/＋ｓ－ｌ)！ 三-'１月)「
wherePisaveragetransmissionlineutilizationFromthisequalion,tbesmallestnecessary 
volumeofbuffermemorycannotbecalculatedanalytically，andthereibrecanonlybe 
obtainedbynumericalanalysis・
TheaveragenumberNofpacketsin(ﾉＷＭ/1ＷⅣcorTCspondingtotheaveragenumber 
ofpacketsinthesendingrouter,isaslbllows： 
冨依ｒＷ’±(A十s-')L幼ﾎﾞーＡ＝１Ａ！Ⅳ＝ 
'ｖ（ｊ＋ｓ－ｌ)！ ﾆｰｰ「±('十鰍-Ｍ,｡’ノー0ノ！ ＩＤＩ 
４ 
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Accordingly､thebuffermemoryutiIizationγofthesendingrouterisasfOllows： 
Ⅳ 
γ＝－－ N 
Thebuffermemoryutilizationvs・thetransmissionlineutilizatioｎｉｓｓｈｏｗｎｗｉ【htheparam-
e(erAr,whichisthenumberofparallcltransmissionlinesbetweenlhesendingandreceiving 
routersinFigure4． 
2.4ReIationshipbetweenResourceUtiIizationandCost 
lnorderlbrasystemtobeusefUlduringactualOperation，theamountofresources 
available-processor,buffermemory,andtransmissionlines-shouldbeabovcwhalis 
actuallyutilized・Forexamplc,ifthclransmission1ineutilizatiｏｎｉｓ７０％andtheTcarelO
lransmissionlines，ａｓｓｈｏｗｎＦｉｇｕｒｅ４，uveragebuffermemoryutilizationmustbekept 
under５０％inordertokeepbuflbroverHowprobabilityupto0.0001．Inthiscase,abouttwo 
timesasmuchbuffermemoryisneccssary、
Ingeneral,theｕ[ilizationcoslofeachresourcｅｓｈｏｕｌｄｂｅａｄｄｅｄｕｐ,includingthecoFit 
ofthisadditionalvolume・Inolherwords,theevaluationcostshouldbecalculatedasme
sumofthecostsofactuallyulilizedresoLIrcesandadditionalresourcecapacity,anddefi-
nitelycalculatedasthevalueofactualutilizationcostsdividedbytheutilizationofeach 
ｒｅｓｏｕｒｃｅ． 
2.5AverageHoIdingTimeoflh･ansmissionLinesandUseofBu雌rMemory
Thetransmissiontimeofeachpacketisaslbllows： 
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AssumingthataqueuingsysteminthesendingrouterismodeledapproximatelyinM／ 
、/ｌｆｂｒｔｈｅｓａｍｅｒｅａｓｏｎａｓｉ、２．３，theaveragewaiUngtimeofeachpacketinthesending
routerisasfOUows： 
ｐ７ ｐ(Ｐ＋Ｐ"） Ｗ＝ 
2(ｌ－ｐ）２(ｌ－ｐＷ 
According'y，thetotalaveragebuflbrmemoryholdingIimefOraone-linkpackettransferin 
thesendingandreceivingroutersisasfbllows： 
Ｗ＋２７＝（４－３PXＰ＋Ｐ"） 
2(ｌ－ｐＷ 
2.6COstofPacketTh･alDsferofMessageCommunications 
ThenecessarycostCfbrthepackettransferofasmglemessageoverone-link，ａｓ 
ｍｏｄｅｌｅｄｉｎ２」，isrepresentedbythefOllowingequation：
Ｃ＝Ｑ＋Ｑ,＋Ｃ,， 
where,Ｃｐ,Ｃｌ化andC7stand,rcspeclively,fOrtheprocessing,bufFermemory,andtransmis-
sioncostnecessaryfOrallthepacketssplitfmmasinglemessage、
PacketprocessingcostQisproporlionaltoIhenumberofpacketspermessageand 
representedas 
KPノｃﾉーァー
whereAQ,ａｎｄノareprocessingcostfOrpacketsendingandreceivingandthelengthofa
singlemessage,respectively 
BuffermemorycostCvisproportionaltotheaverageholdingtimeofbuffermemory， 
buffermemorysize,andnumberofpacketspermessage,andisinverselyproportiontothe 
buffermemorｙutilization： 
ﾊﾟﾙ,(Ｐ＋Ｐ")ノＫﾙﾊﾞ４－３ｐ)(Ｐ＋Ｐ")2ノＣｗ＝－－ⅡＷ＋２７)＝-－－－－－－， PＷ２(１－p)PW 
whereKviscostofbuffermemoryperunitvolumeandperunittime・
ThetransmissioncostC7isproportionalIothepackettransmissiontimeandnumberof 
packetspermessage,andisinverselyproportiontothetransmissionlineutilizationandrate 
ofthetransmissionlines： 
Ｋ７ﾉ(Ｐ＋Ｐ"） Ｃノー蟇 Ｐpv 
whereK7isthecostofthetransmissionlineperunittime・Thisparameteroftransmission
costisnaturallydependentonthedistancebctweenthesendingandreceivingrouters,and 
herethcdistanceisassumedaslixed 
lnestimatingthecostfOrpackettransferasshownsohlr,Ｋハベ{化andKiarepropor－
tionalconstanlsof[hevariouscosIcomponcntsandvaluableparameters・Notonlydothe
absolulcvaluesoftheseparametersaffectthetotalpackettransl1ercosLbutalsotheratio 
betweentheseparametervaluesaffectswhichcostcomponenlisdominant，Furthcr,ｗｅ 
６ 
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shouldnotovcrlookthefactthattheseparametervaluesvarywithtimeandwithtechnologi-
calprogress． 
3．NumericalExamples 
3.1NumericaIExamplesOfCostComponentsandTotalCost 
BasedontheresultsinthepreviouschapteBacalculatednumericalexampleisshown 
inFigure5,withthefbllowingassumptions： 
Rateoftransmission1ines：Ｖ＝ｌ９２ｋＢｙｔｅｓ/s， 
Transmissionlineutilization：Ｐ＝０．７， 
Lengthofpacketheaderandlrailer：Ｐ〃＝５０Bytes，
Numberoftransmissionlines：ｓ＝５， 
OvernowprobabiIityofbullbrmemory:B=0.00Land 
Costparameterratio：Ｋｐ：ＫＭ：Ｋ７＝１０００：ｌ：320000. 
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Amongthecomponentsofpackettransfercost，processingandtransmissioncosIs 
1aseaspacketsizeincreascs・ThedccreaseinproceHsingcostisremarkable，whereaｓdecre s
thedecreaseinthetransmissioncostcomponenlisverygraduaLAlthoughtheprocessing 
coslcomponemisinverselyproportiontopackctsize，lhetransmissioncostcomponen［ 
decreaseswithinefnciencyowinｇｌｏｏｖｅｒｈｅａｄｉｎｐａｃｋｅｔｆＯｒｍａＬＩｎｏ[herwords，packet 
headerlengthdecreasesaspacketsizeincreasesOntheothel･hand，thememorycost 
componentinclCasesinproporUonaltopacketsize,becausebuffermemorysizcperpacket 
increases,andinaddition,theoccupationlimeofbuffermemoryinroutersincreaseswith 
packetsizc． 
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３．２０ptimumPacketSizeandltsDependenｃｙｏｎＣｏｓｔＲａｔｉｏ 
ＡｓｓｅｅｎｆｉＤｍＦｉｇｕｒｅ５．lhccurverepresel1lingtolalcoslisconcavewilhacompara-
tivelywidebo[tomrange,ａｎｄthepackelsizecorrespondingloIheminimumtotalcostis 
severalkilobytes・Theoplimumpackelsize[ｂＩ･minimizingthecostofpackettransferfOr
messagecommunicationsisanalytical1ydelerminedbyIhefbllowingequation： 
ｄＣ 
－－＝０． 
dP 
Therelbre,optimumpacketsizePｲﾘ,'isasfbllows： 
2(ｌ－ｐ)(Ｋ７Ｐ＋Ｋｌ,ｐＶ)γ +Ｐｊ ＰＩＷ＝ KAfp(４－３ｐ） 
Accordingly,optimumpacketsizedependsonlhevaluesofcostparametersKハＫ)vK7,and
inparticulartheirraIio・ＡｓｓｈｏｗｎｉｎＦｉｇｕｒｅ５、ｔｈｅtmnsmissioncostcomponenthardly
contributestotheoptimumpacke[size・UnderthelixcdvalueK7＝320000.theoptimum
packelsizeispIottedinFigure6､ｗｉｔｈａｖariablccostparameterratioK/,／ＫｈＦｌＯ~lOS． 
4．Conclusion 
Inthispaper,acostevaluaIionmethodwasdevelopedandnumericalresultsshown 
basedonasimplemodcllimitedlomessagecommunicationsonthelntemeLTheactual 
lntemetenvironmentisverydiITeren〔lTomthatassumedhere・However・ｉｔｉｓｔｒｕｅｔｈａｔａ
ｌａ『gepacketsizeisbetter,ｏｒｍｏＩ･ecfIicicnLlbrmessagecommunicationsincludingIile
transferapplicalionshomancconomicviewpoinLHe【erogeneouspacketswitchingsys－
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temshavewasdiscussedinanearlierpaper(YOshida,1980),whichlreaIsllotonlytbclarge 
packetsizestudiedinthispaperbutalHoordinarypackelsizes． 
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